The first transiting planetesimal orbiting a white dwarf was recently detected in K2 data of WD 1145+017 and has been followed up intensively. The multiple, long, and variable transits suggest the transiting objects are dust clouds, probably produced by a disintegrating asteroid. In addition, the system contains circumstellar gas, evident by broad absorption lines, mostly in the u'-band, and a dust disc, indicated by an infrared excess. Here we present the first detection of a change in colour of WD 1145+017 during transits, using simultaneous multiband fast-photometry ULTRACAM measurements over the u'g'r'i'-bands. The observations reveal what appears to be 'bluing' during transits; transits are deeper in the redder bands, with a u − r colour difference of up to ∼ −0.05 mag. We explore various possible explanations for the bluing. 'Spectral' photometry obtained by integrating over bandpasses in the spectroscopic data in-and out-of-transit, compared to the photometric data, shows that the observed colour difference is most likely the result of reduced circumstellar absorption in the spectrum during transits. This indicates that the transiting objects and the gas share the same line-of-sight, and that the gas covers the white dwarf only partially, as would be expected if the gas, the transiting debris, and the dust emitting the infrared excess, are part of the same general disc structure (although possibly at different radii). In addition, we present the results of a week-long monitoring campaign of the system.
planets (e.g. Winn & Fabrycky 2015; Shvartzvald et al. 2016) , the fate of planetary systems can be studied by examining the immediate surroundings of WDs (Veras 2016) . Recent studies show that about 25-50 per cent of all WDs exhibit 'pollution' -traces of heavy elements in their atmospheres (Zuckerman et al. 2003 (Zuckerman et al. , 2010 Koester et al. 2014) . The most heavily polluted WDs also have dust discs within their tidal radii, indicated by excess infrared (IR) radiation emitted by the dust, which feed the host WD with heavy elements (e.g. Kilic et al. 2006) . Since the strong surface gravity of a WD causes all heavy elements to settle quickly below the photosphere, pollution in WDs cooler than ∼ 20, 000 K is a strong indication for external accretion, likely from planetary debris (Jura 2003; Koester et al. 2014 ). However, the object (or objects) supplying the accreting material, until recently, had not been directly observed.
Recently, the first direct evidence of a planetary-mass body orbiting a WD was found using data from the Kepler extended mission (K2) (Vanderburg et al. 2015) . The light curves of WD 1145+017 acquired from K2 and from follow-up observations revealed multiple transit events with varying durations, depths, and shapes, interpreted to indicate the presence of a disintegrating asteroid orbiting the WD (Vanderburg et al. 2015; Croll et al. 2017; Gänsicke et al. 2016; Rappaport et al. 2016; Alonso et al. 2016; Zhou et al. 2016; Gary et al. 2017) . The transits exhibit several features which suggest that they are caused by dust clouds emitted by the asteroidal fragments, rather than by the fragments themselves: The transit durations (3 − 50 min) are longer than expected for a solid object (∼ 1 min); the shape of the transits is asymmetric; and the transit depths are variable and large (∼ 10 − 60 per cent). Although the K2 light curve has shown six stable periods, ranging from 4.5 to 5.0 hours, the follow-up observations have detected only the shortest, ∼ 4.5 h, period (with the exception of Gary et al. 2017, see Appendix B) . Recent simulations suggest a differentiated parent asteroid orbiting within the tidal disruption radius for mantle-density material (Veras et al. 2017) . The light curve changes on a daily basis, completely altering its appearance after a few months, indicating the system is rapidly evolving.
High-resolution spectroscopic observations of the system revealed photospheric absorption lines from 11 heavy elements (Xu et al. 2016) , showing that the WD belongs to the 'polluted' class that is actively accreting circumstellar material. The composition of the accreted material is similar to that of rocky objects within the solar system. Consistent with its heavily polluted atmosphere, this system also shows near-IR (NIR) excess from a dust disc (Vanderburg et al. 2015) . In addition, WD 1145+017 is surrounded by circumstellar gas, evident by numerous, unusually broad (∼ 300 km s −1 ), absorption lines in its spectrum (Xu et al. 2016 ). The overall shape of the circumstellar lines changes on a monthly timescale and their depths can also change during transits (Redfield et al. 2016, Xu et al., in preparation) .
Since the transiting debris 1 may consist of particles small enough to be called 'dust', and dust extinction depends on the grainsize to wavelength ratio and on the grain composition (Bohren & Huffman 1983) , simultaneous monitoring in different bands might reveal its properties. Previous studies have not found a significant dependence of transit depth on wavelength, thus constraining the grain size to 0.8 µm (Croll et al. 2017; Alonso et al. 2016; Zhou et al. 2016) . In this paper we present the first detection of colour changes during transit in the light curve of WD 1145+017, using multi-band fast-photometry obtained simultaneously in the u '-g'-and r'/i'-bands . Surprisingly, the light curves feature 'bluing', rather than reddening, during transits (i.e. transits are deeper in the redder bands than in the u'-band). The ULTRACAM observations are presented in Section 2. In Section 3 we explore possible explanations for this phenomenon, and in Section 4 we discuss the implications on the configuration of the system. Appendix A provides more details regarding the observing conditions during the ULTRACAM run. Appendix B presents the light curve evolution, as observed during our week-long observing campaign by a collection of telescopes around the globe, combined with the months-long light curve provided by Gary et al. (2017) .
ULTRACAM OBSERVATIONS AND DATA ANALYSIS
We obtained multi-band fast photometry using ULTRACAM (Dhillon et al. 2007 ), a visitor instrument mounted on the European Southern Observatory (ESO) 3.6 m New Technology Telescope (NTT) at the La Silla Observatory, Chile, under Programme 097.C-0829 (PI: Hallakoun). Due to the weather conditions we were able to observe only on two of our six awarded nights (2016 April 21 and 26), covering almost 1.5 cycles (∼ 6.7 h) each night. Although there were some passing clouds during the observations, they were mostly out-of-transit and did not have a significant effect on the shape of the light curve due to the relative nature of the observations (see Appendix A, which also describes the observational errors, for details). ULTRACAM is a high-speed camera capable of obtaining fast photometry of faint objects in three bands simultaneously with a negligible dead time (∼ 25 ms) between exposures. We used SDSS u', g', and r' filters on the first night, and u', g', and i' filters on the second night. The CCD was windowed to achieve 5 s exposure times in the slow readout mode (except in the u'-band, where 10 s exposures were obtained). The data were bias and flat-field corrected using the UTLRACAM pipeline (Dhillon et al. 2007) , which was then used to obtain aperture photometry of the target, using a nearby star as a reference. The light curve in each band was divided by a parabolic fit to its out-of-transit parts, to eliminate any systematics due to atmospheric extinction in the presence of colour differences between the WD and the reference star. Only the most featureless parts of the light curves were chosen as the out-of-transit intervals (see Figs A1 and A2). The same intervals were used in all bands. The aperture size was scaled according to the varying full width at half-maximum of the stellar profile. Figs 1 and 2 show the reduced differential photometry from the two nights. Table 1 lists the mean transit depths of the main features in the ULTRACAM light curves. The observed mean transit depth, D, was measured by integrating over the in-transit light curve:
where ∆t is the transit duration, f is the normalised flux, and dt is the sample interval. As seen in Figs 1 and 2, our ULTRACAM observations reveal a clear colour difference between the in-and out-of-transit photometry (u − r ∼ −0.05 mag). Although this is only a 2-3σ detection, the fact that it occurred only during transits reinforces its significance. Surprisingly, the observed colour difference indicates 'bluing', manifested by deeper transits in the redder bands, and not the usual reddening observed in dusty environments. 
. The maximal amount of bluing produced by limb darkening is much smaller than observed, and its required transit configuration cannot explain the observed transit depths.
POSSIBLE BLUING MECHANISMS
The cause of the blue flux excess during transit could be some property of the surface of the WD itself, some property of the obscuring material, or some other component or configuration of the circumstellar environment. We investigate below several possibilities.
Bluing: limb darkening?
Since the limb of a WD is cooler and redder than its centre, a transiting object that obscures mainly the limb might explain the deeper transits observed in the redder bands. To test this assumption, we calculated the expected transit depths in the u'-and i'-band, over a grid of R 2 /R 1 and b values, where R 2 /R 1 is the ratio of the radius of the occulting object (assumed, for simplicity, to be of circular cross section) to the radius of the WD, and b = (a/R 1 ) cos i is the impact parameter, where i is the orbital plane's inclination to the line of sight, and a is the orbital separation between the centres of the WD and the transiting object. We estimated the limb-darkening profiles for WD 1145+017's effective temperature and surface gravity (T eff = 15900 K, log g = 8, see Vanderburg et al. 2015 ) using Claret's limb-darkening coefficients for hydrogen-dominated DAtype WDs, as calculated by Gianninas et al. (2013) . The coefficients used were 0.73, −0.53, 0.67, and −0.27 for the u'-band, and 0.61, −0.40, 0.34, and −0.12 for the i'-band. Fig. 3 illustrates two simulated configurations. Fig. 4 shows the calculated i'-to u'-band transit depth ratio, D i /D u , and the u'-i'-band colour index during transit, all as a function of the projected distance of the WD centre from the edge of the occulting disc, b − R 2 /R 1 , at the time of mid-transit. The WD was modelled as a disc divided into 1000 concentric annuli, while the occulting object was modelled as a uniformly opaque disc. The results indicate a small amount of bluing for b R 2 /R 1 , with a maximum at b = R 2 /R 1 + 0.5. The expected u'-i'-band colour index for the system configuration with the maximal amount of bluing (∼ −0.006 mag), misses the observed amount of bluing (∼ −0.05 mag) by an order of magnitude. Thus, while some bluing can be achieved with a grazing transit, covering only the limb of the WD, it is not sufficient. In addition, the ∼ 0.4 transit depth requires the occulting object to cover a significant portion of the more central parts of the WD disc, in contrast to the grazing scenario. Replacing the opaque disc used to model the occulting object by a disc with varying opacity will further reduce the amount of bluing, aggravating the problem. We should note that the limb-darkening profiles used here are for DA-type WDs, while WD 1145+017 is a metalpolluted helium-dominated DBAZ-type WD. Although the effect this difference might have on the limb-darkening profiles requires further investigation, it seems unlikely to provide a limb-darkening solution to the problem.
Bluing: peculiar dust properties?
Although bluing by dust is rare, it is possible. After the 1883 eruption of the Krakatoa volcano there were reports of a blue moon and a violet sun (Bohren & Huffman 1983) . Bluing by dust is common on Mars, where blue sunsets have been captured by NASA's Curiosity rover camera 2 . Bluing by dust is possible only for specific and narrow distributions of grain sizes, such as the one observed on Mars (Fedorova et al. 2014) . Following Hansen (1971) and Hansen & Travis (1974) , we define the effective radius of a distribution of dust grains, r eff , which is the mean grain radius weighted by its geometrical cross section,
and the dimensionless effective variance, v eff ,
where n (r) is the grain-size distribution. Grain-size distributions sharing the same effective radius and variance display the same scattering characteristics (Hansen 1971) . We use the 'standard' grain size distribution of Hansen (1971) ,
which is characterised by the effective radius and variance. The mean extinction cross-section of the grain-size distribution is then (Croll et al. 2014, eq. 3):
where σ ext (r , λ) is the extinction cross-section as a function of the grain size and the wavelength. We calculated the mean extinction cross-section as a function of wavelength for grain-size distributions of effective radii ranging between 0.5 and 10 µm, with effective variance of 0.1. The extinction cross-sections were calculated using a M implementation of the Mie scattering code of Bohren & Huffman (1983, appendix A) . We used the 'astronomical silicate' refractive index of Draine (2003) 3 . In the wavelength range λ = 3000 − 9000 , n, the real component of this refractive index, varies between 1.69 and 1.73, while the imaginary part, k, varies between 0.029 and 0.031. The effective radius serves as a good characterising parameter for the grain-size distribution, as long as πr eff (n − 1) λ (Hansen 1971), i.e. for r eff 0.4 µm. Figs 5 and 6 compare the mean transit depth as measured in the various bandpasses for the two 'A2' transits on two nights (see Figs 1 and 2, and Table 1), with extinction crosssection curves for various effective radii. The extinction curves were scaled to match the g'-band measurement. Different appearances of different dip-groups have different mean transit depth slopes. The two 'A2' dips chosen here both have a significant transit depth (hence a good signal-to-noise ratio) and were measured at relatively low airmasses (minimizing possible systematics due to atmospheric extinction; see Figs A1 and A2). We see that the observed level of inter-band bluing can, in principle, be achieved by invoking particular narrow grain-size distributions, such as the calculated ∼ 0.8 − 2 µm-grain-size extinction curves. These curves can simultaneously match the mean transit depth measured in all bands, but with a rather poor fit that deviates at the 1 − 2σ level. Other possible compositions have refractive indices similar to that of the silicate, except iron (Croll et al. 2014) . Replacing the 'astronomical silicate' dust with a pure iron composition (1.67 ≤ n ≤ 2.96, 1.99 ≤ k ≤ 3.58, see Johnson & Christy 1974) 4 results in an even worse match. Thus, although they cannot be completely ruled out, peculiar dust properties appear unlikely to be the explanation for the observed bluing during transits in WD 1145+017, especially considering that at least some of the bluing must be the result of circumstellar absorption lines, as detailed below. A wider wavelength coverage, that includes the IR, might better constrain the particle size.
Bluing: circumstellar lines?
WD 1145+017 displays unique broad absorption lines induced by circumstellar gas (Xu et al. 2016) . When observed spectroscopically during transits, these lines occasionally appear shallower (Redfield '-band. et al. 2016, Xu et al., in preparation) . Interestingly, most of these lines populate the u'-band range (∼ 3257−3857 , see Fig. 7 ). Hence, the u'-band excess during transits might be explained by the reduced circumstellar absorption along the line-of-sight.
To test this assumption, we have used in-and out-of-transit spectra, integrated over the various photometric bandpasses, to calculate 'spectral' photometry measurements in the u '-, g'-, r'-, and i'-bands out-of-transit spectrum used here was taken at 03:37 (UT), while the in-transit spectrum is from 04:37 (UT), both with 280 s and 314 s exposures in the UVB and VIS arms, respectively. The spectra were smoothed using 5-point span robust local regression (RLOWESS) to get rid of spurious outlier points resulting from imperfect sky subtraction. Since we are interested in the spectral changes resulting solely from the circumstellar lines, the in-transit spectrum was scaled to fit the out-of-transit spectrum's continuum level. Finally, both spectra were integrated over the various ULTRACAM bandpasses and the colours were calculated (indicated by the star-shape symbols in Fig. 8) .
For a comparison, we integrated the various colour measurements of the ULTRACAM light curves over 314 s intervals centred around the main transit features. From the light curves published by Gary et al. (2017, see Appendix B below) , we can associate the transit detected in the X-SHOOTER data with the 'A1' dips seen in the ULTRACAM light curves (see Appendix B). However, as is evident from the significant changes that this group of dips undergoes within a few hours, we do not expect that the transit detected by X-SHOOTER about a month earlier will match exactly our April observations. A deeper transit implies a larger obscured area, which is likely to induce a more significant colour change. This is hinted at in Fig. 8 , where there appears to be a correlation between the mean transit depth (indicated by the colour-code) and the observed colour difference.
Taking all of these considerations into account, there seems to be a relatively good agreement between the photometric and 'spectral' colour differences. Moreover, repeating the spectral photometry calculation for two out-of-transit epochs (as well as two in-transit epochs) revealed no significant colour difference between the epochs, as expected.
To investigate more directly whether the change in absorption depth is responsible for the bluing seen in the spectral photometry, we have estimated whether the total absorption equivalent width (EW) over the u'-band range is indeed significant. Fig. 7 (top) shows the u'-band range of the WD 1145+017 spectrum taken by Xu et al. (2016) using the HIgh-Resolution Echelle Spectrometer (HIRES) on the Keck 10 m telescope (Vogt et al. 1994 ). This spectrum is the average of three 2400 s exposures taken on 2015 April 11 (see Xu et al. 2016 for further details). The spectrum has been divided by a parabolic fit to line-free regions in the redder parts of the u'-band in the spectrum. The total u'-bandpass-weighted absorption equivalent width (EW) is 34 , with a relative absorption of 8 per cent over the u'-bandpass. This is a lower limit on the EW, as it is clear that, as one approaches the ultraviolet, line blanketing sets in, the absorptions overlap, and the true continuum level could be significantly above the observed flux levels. The true total EW could easily be a factor 2 higher. However, this possibility cannot be tested directly using the HIRES spectra because the wavelength response calibration of the spectra is not accurate to the few-percent levels required for such a comparison. Furthermore, the activity level of the system has increased significantly during the year that has passed between the HIRES observations of Xu et al. (2016) and our ULTRACAM run, both in terms of transit depth (see fig.  10 of Gary et al. 2017 ) and circumstellar line strength (Redfield et al. 2016, Xu et al., in preparation) . Indeed, a similar Keck/HIRES spectrum from April 2016 (Xu et al., in preparation) shows that the total u'-bandpass-weighted EW has grown to at least 50 , with a relative absorption of 11 per cent.
In addition, a preliminary analysis of line strength variations in-and out-of-transit of a single, strong, visual-band circumstellar absorption line, Fe 5169 , shows that during the deepest transits, the line depth can decrease by up to ∼ 30 per cent (Xu et al., in preparation) . If the relative absorption by circumstellar lines in the u'-band is, say, 12 per cent, then a 30 per cent reduction in EW during transit could yield the observed 0.04 mag change in colour between the u'-band and some other band (e.g. the r'-band, see Fig. 7 , bottom) that has relatively few absorptions.
The above tests argue that reduced circumstellar absorption during transits is the most plausible explanation for the observed bluing. The fact that previous studies (Croll et al. 2017; Alonso et al. 2016; Zhou et al. 2016 ) did not observe wavelengths shorter than 4800 , could explain why they did not detect bluing. However, this conclusion is not definitive because of the various complications: the difficulty in establishing the continuum level in the u'-band and hence the total absorption EW, and the variance of the line strength change during transits. Future colour measurements in bands having a high density of circumstellar absorption lines should take this into account. Simultaneous photometric and spectroscopic measurements would provide a clearer understanding of the bluing mechanism. 
DISCUSSION
Assuming that the bluing that we have observed during transits in WD 1145+017 is the result of a reduced absorption by the circumstellar gas during transit, we can constrain the possible configurations of the components of the system. First, the fact that the circumstellar absorption is affected by the transits implies that at least part of the absorbing gas shares the same plane as the transiting objects. Second, we can constrain the location of the gas relative to the WD and the transiting objects. Based on the observed bluing alone, without taking into account further constraints (see below), the circumstellar absorbing gas could be between the WD and the transiting objects, in front of both the WD and the debris, or a combination of the two (e.g. if the WD and the debris are embedded in the gas).
In the case that the gas is between the transiting objects and the WD, the gas cannot cover the WD uniformly; the reduction in the relative absorption depth during transit means that the debris is occulting more of the WD's line-absorbed light than the unabsorbed WD continuum emission (e.g. as in the geometry of a flat disc around the WD). Alternatively, the gas could be outside the debris' orbit, i.e. in front of both the debris and the WD. If the absorption lines are in the linear regime of their curve of growth, then no change in relative absorption depth would be expected unless, again, the gas does not cover the WD uniformly. In the third, 'embedded', possibility, at least some of the gas, whether in front or between the WD and the debris, must again cover the WD nonuniformly. One configuration satisfying all of these constraints is a circumstellar gas disc, coplanar with the debris orbit. The transits, the circumstellar lines, and the NIR excess, could be manifestations of the same general disc structure consisting of gas, dust, and planetesimal debris, although not necessarily all at the same radii.
If we take into account the spectroscopic and NIR observations as well, we can further constrain the possible configurations of the system. The out-of-transit depth of the circumstellar absorption lines is consistent with the non-uniform coverage constraint. The significant broadening of the circumstellar lines (Xu et al. 2016; Redfield et al. 2016, Xu et al., in preparation) could be the result of the line-of-sight velocities of gas in a mildly-eccentric edge-on disc, in a close-in orbit between the WD and the transiting objects (Redfield et al. 2016) . Rappaport et al. (2016) have suggested that the fragments causing the transits come from an asteroid that is filling its critical potential surface at a relatively stable orbit around the 'A'-period. When the asteroid passes near its L1 point, fragments occasionally break off and drift into a slightly inner orbit. The dust disc is not well-constrained by the observations so far. Vanderburg et al. (2015) argued that the detected amount of NIR excess indicates that an optically-thick dust disc could not be observed edge-on (i.e. it is misaligned with the transiting objects). However, Gary et al. (2017) counter that an edge-on optically-thick dust disc could yield the observed amount of NIR excess if it extends from the transiting objects' 'A'-period orbit (∼ 94 R WD ) to about 140 R WD . Zhou et al. (2016) argue for an edge-on optically-thin dust ring, located within the transiting objects' orbital range (∼ 90 − 100 R WD ), based on the lack of optical reddening in the WD's spectral energy distribution (SED). Our proposed configuration is consistent with such an edgeon dust ring scenario.
CONCLUSIONS
Using simultaneous multi-band fast photometry of the debris transits around WD 1145+017, we have detected 'bluing' -deeper transits in the redder bands -and not reddening, as commonly detected in dusty environments. This bluing cannot be the result of limb darkening, since there seems to be no configuration that simultaneously yields the observed transit depth and the required amount of bluing. Bluing as a result of peculiar dust properties is a possible explanation, but marginally so, as it seems hard to find the fine-tuned grain-size distribution that will simultaneously and precisely reproduce the bluing observed between the various bands. The fact that most of the circumstellar absorption lines, which can be shallower during transits, are in the u'-band, appears to provide a plausible explanation for the excess blue flux. The bluing by the circumstellar lines, which can explain most or all of the observed photometric effect, furthermore means that little or none of the effect remains to be explained by peculiar dust or, in other words, peculiar dust would predict bluing even larger than observed. In the circumstellar gas explanation, the requirements that the gas shares the debris orbit's inclination and that the gas only partly covers the lines of sight to the WD surface, both suggest that the circumstellar gas is in a disc. This could be, in principle, the same disc in which resides the debris (which produces the transits) or the dust (which produces a NIR excess). However, it is more likely to be a distinct disc, at a smaller orbital radius, based on the broadening of the circumstellar lines.
Our results indicate that the circumstellar gas affects the photometric light curve, at least to some degree. Future simultaneous photometric and spectroscopic observations of the system would clear up much of the uncertainty regarding the interpretation of the bluing.
The combined light curve of WD 1145+017, using our weeklong monitoring campaign and the months-long light curve of Gary et al. (2017) , reveals several intriguing features (most of them already mentioned by Gary et al. 2017) , described in Appendix B. These include the breaking up of the 'A2' group, the first detection of the 'B'-period, and the detection of smaller transits in the high signal-to-noise ULTRACAM light curve. Our light curves are available for further study upon request, in the hope that they will help to constrain future dynamical models of the system. Mr S. Parthiban and Mr R. Rajini Rao. NH thanks Tamar Faran for moral support. This work was supported in part by Grant 1829/12 of the Israeli Centers for Research Excellence (I-CORE) programme of the Planning and Budgeting Committee (PBC) and the Israel Science Foundation (ISF) and by Grant 648/12 by the ISF (DM). The ULTRACAM team acknowledges the support of the Science and Technology Facilities Council (STFC). Based on observations made with ESO Telescopes at the La Silla Paranal Observatory under programme IDs 097.C-0829, 296.C-5024 and 296.C-5014. This work makes use of observations from the LCO global telescope network. UKIRT is supported by NASA and operated under an agreement among the University of Hawaii, the University of Arizona, and Lockheed Martin Advanced Technology Center; operations are enabled through the cooperation of the East Asian Observatory. The UC Observatory Santa Martina was part of the photometric monitoring campaign presented in this work. This work used the astronomy & astrophysics package for Matlab (Ofek 2014).
APPENDIX A: OBSERVING CONDITIONS DURING THE ULTRACAM RUN AND THE REDUCTION PROCESS
Figs A1 and A2 show the observing conditions during the UL-TRACAM run, on 2016 April 21 and 26, as well as the reduction process described in Section 2. The sky transmission, reflected in the light curve of the reference star, SDSS J114825.30+013342.2, shows some variable transmission (presumably passing clouds) on the second night, although mostly not during transits. We estimate the flux error as 1.48 times the median absolute deviation around the median, using points outside of both the transits and the passing clouds. On 2016 April 21 the errors were ∼ 4.2, ∼ 1.9, and ∼ 2.5 per cent in the u'-, g'-, and r'-bands, respectively, while on 2016 April 26 the errors were ∼ 2.5 per cent (u'-band), ∼ 1.5 per cent (g'-band), and ∼ 2.3 per cent (i'-band). The target was ∼ 33 • from the full Moon on the first night, and ∼ 93 • on the second, contributing to the better signal-to-noise ratio on the second night. The improved signal-to-noise, which reveals finer details, explains the 'wiggles' seen in the out-of-transit parts of the 2016 April 26 light curve. In addition, the passing clouds contributed to the scatter in some parts of the light curve, mostly out-of-transit.
APPENDIX B: LIGHT CURVE EVOLUTION
In parallel to our ULTRACAM observations we organised a monitoring campaign using various telescopes around the globe, in an Figure A1 . Reduction process and observing conditions during the 2016 April 21 ULTRACAM g'-band observations. From top to bottom: airmass; the point-source full width at half maximum; raw uncalibrated light curve of WD 1145+017; raw light curve of the reference star, SDSS J114825.30+013342.2, showing the atmospheric transmission; WD 1145+017 light curve calibrated using the reference star (black), and the out-of-transit intervals (yellow) used for the parabolic fit (red); WD 1145+017 normalised light curve.
attempt to obtain the longest continuous time coverage possible in order to follow the evolution of the light curve. A full list of the acquired light curves appears in Table B1 . We used the observing facilities listed below. Unless otherwise mentioned, the image reduction and aperture photometry were done using the ULTRACAM pipeline (Dhillon et al. 2007) , as described in Section 2.
Mauna Kea Observatory NIR J-and K-band fast photometry was obtained using the WFCAM on the 3.8 m United Kingdom Infra-Red Telescope (UKIRT) at the Mauna Kea Observatory, Hawai'i. The data were processed with pipelines from Cambridge Astronomical Survey Unit (CASU). ARIES Devasthal Observatory r'-band photometry was obtained using the ANDOR 512 EMCCD on the 1.3 m Devasthal Fast Optical telescope (DFOT) at the Aryabhatta Research Institute of Observational Sciences (ARIES) Devasthal Observatory in Nainital, India. Vainu Bappu Observatory R-band photometry was obtained using the Princeton Pro EM CCD on the 1.3 m J. C. Bhattacharyya Telescope (JCBT) at the Vainu Bappu Observatory (VBO) in Kavalur, India. Wise Observatory We used the FLI camera on the 0.71 m C28 Jay Baum Rich telescope of the Wise Observatory in Israel. The photometry was obtained using the ExoP filter, a high-pass filter with a cutoff around 5000 Å. The images were bias, dark and flat corrected using . Ondřejov Observatory R-band photometry was obtained using the 0.65 m D65 telescope at the Ondřejov Observatory in the Czech Republic. The image reduction (dark subtraction and sky flat correction) and aperture photometry were done using the Ondřejov custom-made software A . A fixed aperture-size of 7 pixels (7.3 arcsec) was used. The light curves were calibrated using the three brightest non-variable stars in the field. LCO global network We used the 1 m and 0.4 m Las Cumbres Observatory (LCO) global telescope network to obtain unfiltered photometry. The 1 m observations were performed using the kb70 and kb78 SBIG CCDs on the cpt1m010 and lsc1m005 telescopes in Sutherland (CPT), South Africa, and in Cerro Tololo (LSC), Chile. The images were reduced by the BANZAI pipeline. The 0.4 m observations were performed using the kb27 and kb84 SBIG CCDs on the ogg0m406 and coj0m405 telescopes in Haleakala (OGG), Hawai'i, and in Siding Spring (COJ), Australia. The images were reduced by the ORAC-DR pipeline. UC Observatory We obtained i'-band photometry using the SBIG STL-1001 3 CCD Camera on the 0.4 m Tololo 40 telescope at the Pontificia Universidad Católica de Chile Observatory (UCO) in Lo Barnechea, Chile.
Combining all our light curves with those kindly provided by Gary et al. (2017) results in a long-baseline light curve of about half a year, with denser temporal coverage during our week-long monitoring campaign. We converted the UT timestamps to Barycentric Julian Dates (BJD) in Barycentric Dynamical Time (TDB) using the tool provided by Eastman et al. (2010) 5 . Although the original K2 observations showed six stable periods between ∼ 4.5 − 5 h, denoted 'A'-'F' (Vanderburg et al. 2015) , only the shortest, 'A'-period (∼ 4.5 h), was detected in ground-based follow-up observations. Gary et al. (2017) reported the first groundbased detection of a longer-period dip feature, corresponding to the 'B'-period (∼ 4.6 h) of Vanderburg et al. (2015) , starting on 2016 April 26. During our own monitoring campaign, three distinctive dip groups were identified, each sharing a common period and a close location in phase. Two of these groups, denoted 'A1' and 'A2' in Figs 1 and 2, share a period close to the original K2 'A'-period: 269.470 ± 0.005 min and 269.9 ± 0.3 min, respectively. These are the groups denoted as 'G6121' and 'G6420' in Gary et al. (2017) , indicating their first detection date (2016 January 21 and 2016 April 20, respectively). The third group, denoted as 'B' in Fig. 2 , corresponds to the 'B-dip' group of Gary et al. (2017) , with a period of 276.40 ± 0.03 min, close to the original K2 'B'-period. Combining the light curves from our monitoring campaign with those provided by Gary et al. (2017) , we were able to further constrain the appearance of the 'B' dip to 2016 April 24 (see Fig. B1 ). Since the light curve coverage was not complete on this date, we cannot identify the exact appearance time of the 'B' dip. It was first detected around 2016 April 24 15:36 (BJD TDB), and might have been present already on 2016 April 24 06:22 (BJD TDB).
Figs B2, B3, and B4 present a 'raw waterfall' plot of the combined light curve, for the 'A1', 'A2', and 'B' period, respectively. In a 'raw waterfall' the light curve is folded over the period, plotted against the actual timing of its sample points, and coloured by the normalised flux (the bluer the lower). Thus, a raw waterfall plot of a dip feature with a constant period would appear as a straight vertical blue line. A non-vertical straight line pointing to the right (left) would imply that the plot is folded over a period shorter (longer) than the actual period of the dip. A curved line pointing to the right (left) would imply a gradually increasing (decreasing) period. The periods mentioned above were measured manually 'by eye' using the raw waterfall plots. The period uncertainty represents the range of periods either yielding a relatively straight vertical line, or corresponding to different parts of the slope in case of a curved line. Fig. B2 , which features the dip group of period 'A1', shows a stable period over about half a year. Fig. B3 demonstrates what appears to be the 'A2' cloud breaking up, as it gets shallower and wider in time. This time we see a decrease in the group elements' period over a few days, as it deviates from the reference vertical straight arrow in the plot, indicating a decreasing orbital separation. The 'A2' group seems to vanish after a couple of weeks. Finally, Fig. B4 shows the appearance (and apparently disappearance) of the 'B'-dip. The 'B'-period does not seem to deviate much. All these figures (B2-B4) share the same colour scale (from blue to yellow, with normalised flux ranging from 0.6 to 1.1). Following Gary et al. (2017) , we have calculated the 'transit EW' for the 'A2'-and 'B'-dips, defined as the area between the out-of-transit unity-normalised level and the light curve, integrated over a specific time interval. 6 This quantity reflects the total obscured area. The transit EW appears along the raw waterfall plot in Figs B2-B4. While for the 'A1'-dip, which has a lifetime of more than half a year, and is consisted of a few dip-features, it was harder to define the integration limits, for the shorter-lived 'A2'-and 'B'-dips it was more straight-forward. The transit EW seems to be relatively constant during the lifetimes of both the 'A2'-and 'B'-dips, independent of the dip's shape, with outliers resulting from temporal overlap with other dips, or due to an insufficient number of samples within the relevant time interval. The total 'A2'-dip EW appears to maintain a ∼ 5 min value for a couple of weeks, while its cloud breaks-up and spreads. The 'B'-dip also maintains a relatively constant EW of ∼ 2 min for a little more than two weeks. In this case, the spread is less evident.
The high signal-to-noise ratio ULTRACAM light curve from 2016 April 26 (when the object was far enough from the moon), shows some finer details, undetectable by smaller telescopes. Fig. B5 shows an example of such a transit, shorter (∼ 1.5 min) and shallower (∼ 5 per cent) than usually detected. Unfortunately, we were not able to observe the target for more than one cycle under these conditions, which prevents us from estimating the exact period of this feature. In addition, there is some suggestion of an increase of flux preceding the two 'A1' transits on 2016 April 26 (see Fig. 2 ), possibly the result of scattering of the WD flux from the dust cloud prior to the transit. However, there is a good chance that these are calibration artefacts resulting from the difficulty in defining the out-of-transit parts of the light curve, and they require further investigation. If this flux excess is real, it might help to constrain the dust grain-size distribution (e.g Brogi et al. 2012) . As can be seen in Fig. 2 , the out-of-transit area around the 'A1' group is quite ambiguous, indicating the presence of obscuring material, probably originating from the same group. This is also evident in Fig. B2 by the light blue regions surrounding the darker, deeper, transits of the 'A1' group. This paper has been typeset from a T E X/L A T E X file prepared by the author.
